ABSTRACT Feeding deterrent activity of some enantiomeric pairs of terpenoid lactones with the p-menthane system was tested against larval and adult Colorado potato beetle (Leptinotarsa decemlineata Say). The lactones were synthesized from optically pure isomers of pulegone and isopulegol. Monoterpene ketones and alcohols with the p-menthane system were weak antifeedants toward both Colorado potato beetle developmental stages. The introduction of the lactone moiety and an accessory functional group (hydroxy or ketone group) into the p-menthane skeleton increased feeding deterrent activity of the compounds. Our results show a correlation between chemical structure and antifeedant activity and indicated that the sensitivity of Colorado potato beetle to the tested lactones depends on the chiral centers conÞguration and the developmental stage of insects tested.
CHEMICAL COMPOUNDS CONTAINED IN plants attract more and more interest, because they can be used in integrated methods of plant protection. A large number of them are terpenes acting as insect growth regulators, antifeedants, repellents, and toxins (Bernays and Chapman 1977 , Hough-Goldstein 1990 , Watanabe et al. 1993 , Rice and Coats 1994 , Murray et al. 1999 ). These chemicals have great potential for use in pest management either directly as natural plant protectants or more often as models for the development of synthetic products.
Pulegone 1, cyclic monoterpene ketone, occurs in essential oils isolated from several mint species Mentha pulegium L., M. longifolia L., M. piperita L., and Hedeoma pulegioides (Grunschober 1979) and is an important component of the plantsÕ protective system against predators. This compound is known to be a feeding deterrent or repellent for some insect species (Zalkow et al. 1979 , Inazuka 1983 , because it disturbs their development and reproduction (Gunderson et al. 1985) and shows direct toxic effects (Harwood et al. 1990 , Franzios et al. 1997 , Lee et al. 2003 . Moreover, pulegone acts as a feeding deterrent toward pests in other taxa such as snails and birds (Rice et al. 1978 , Avery et al. 1996 , Mason and Primus 1996 . Unfortunately, widescale application of pulegone would be impossible because of its toxic properties. A number of large studies have shown that pulegone and its main metabolite, menthofuran, show hepato-and neurotoxicity as well as pulmonary toxicity toward vertebrates (Gordon et al. 1982 , Olsen and Thorup 1984 , Moorthy et al. 1989 ).
In the past several years, numerous compounds with diverse structural features have been reported as feeding deterrents, and some attempts to explain the correlation between chemical structure and antifeedant activity have been made. The term antifeedant is deÞned as a chemical that inhibits feeding but does not kill the insect directly (Munakata 1975) . The insect remains near the treated leaves and dies through starvation. These features render antifeedants potential environmentally safe agents for the protection of plant and stored products against insect pests. The mechanism of antifeedant action is still unknown, and it can be only supposed that antifeedants depress or terminate insect feeding through mechanisms that involve chemosensory-based food rejection. The acceptance by a phytophagous insect of a plant species as a suitable host depends on the capability of the insectÕs chemosensory system to detect plant tissues with favorable levels of feeding stimulants and feeding deterrents (Munakata 1975 , Schoonhoven 1982 , Bentley et al. 1990 , Bernays and Chapman 2000 . Studies of the natural phenomenon of antifeeding also provided correlations between chemical structure and antifeedant activity. Structural changes in an antifeedant molecule may affect the activity in different manners for different species (Menn 1983 , Blaney et al. 1987 , Ló pez-Olguṍn et al. 1999 , González-Coloma et al. 2002 , Labbé et al. 2005 . The application of natural antifeedants for plant protection is limited by their low concentration in plants and their complicated chem-ical structures that are difÞcult to synthesize (Ley and Toogood 1990 , Lawrencet 2000 , Tokoroyma 2000 . Synthetic antifeedants, which can be more or less "true" structural analogs of natural ones, can offer another option for practical application.
Our research in the area of antifeedants is focused on the synthesis of terpenoid lactones and tests of their activity as insect feeding deterrents. Compounds with a lactone moiety are often found among natural antifeedants (Appel et al. 1963 , Kubo et al. 1976 , Nawrot et al. 1985 , Paul et al. 1988 , Ley and Toogood 1990 , Kieslich 1991 . Many natural sesquiterpene lactones exhibit high antifeedant activity against storage pest insects (Streibl et al. 1983 , Harmatha and Nawrot 1984 , Nawrot et al. 1986 , Daniewski et al. 1993 , 1995 and aphids (Asakawa et al. 1988) . They are usually not neurotoxic to insects and other animals, are speciÞc in action, and are easily biodegradable. Thus far, we have synthesized some bi-and tricyclic ␥-lactones from optically pure isomers of limonene, myrtenol, and ␣-pinene that seemed to be very active feeding deterrents against some storage pest insects (Tribolium confusum Duv., Trogoderma granarium Ev., and Sitophilus granarius L.) and the peach-potato aphid, Myzus persicae (Sulz.). The conÞguration of the chiral centers of the lactone molecules was an essential element inßuencing the deterrent activity of these compounds (Wawrzeń czyk et al. 1998 , Paruch et al. 2000 , Paruch et al. 2001 .
Here we present the results on feeding deterrent activity of some enantiomeric pairs of monoterpenoid lactones containing the p-menthane system obtained from optically pure isomers of pulegone and isopulegol toward the Colorado potato beetle, the most important worldwide pest on potato crops (Radcliffe 1982 , Casagrande 1987 , Hare 1990 . Current control of this pest is primarily achieved by application of chemical insecticides. However, the Colorado potato beetle has quickly evolved resistance to most chemical insecticides applied to date (Harris and Svec 1981 , Johnston and Sandovol 1986 , Noronha et al. 2001 , Zabel et al. 2002 . Effective control of the Colorado potato beetle can only be achieved by rotating insecticides or combining active substances with different modes of action (Hough-Goldstein and Keil 1991 , Schrod et al. 1996 , Lacey et al. 1999 , Coombs et al. 2003 . Application of synthetic antifeedants could contribute to an integrated pest management (IPM) program to control this important pest of potato.
Materials and Methods

Chemicals
, and (1R,2S,5R)-(Ð)-isopulegol (Ͼ99%) were purchased from Aldrich and Fluka (Poznań , Poland). The test lactones 3Ð11 (Fig. 1) were synthesized from optically pure isomers of pulegone and isopulegol. The synthetic methodology for compounds 3Ð 4, based on the orthoacetate modiÞcation of the Claisen rearrangement and iodolactonization of ␥,␦-unsaturated acids, was described earlier (Dams et al. 2004a ). Enantiomerically pure ␦-hydroxy-␥-spirolactones 5a/5b and inseparable mixtures of diastereoisomeric ␦-hydroxy-␥-spirolactones 5a and 6a or 5b and 6b (28%: 72%) were obtained by epoxidation of ␥,␦-unsaturated ethyl esters followed by their acidic lactonization (Dams et al. 2004b ). ␦-Hydroxy-␥-spirolactones 5Ð 6 were oxidized with pyridinium dichromate to the corresponding ␦-keto-␥-spirolactones 7Ð 8 (Dams et al. 2004b) . The enantiomeric pairs of cis-fused bicyclic ␥-hydroxy-␦-lactones 9a/9b and ␦-hydroxy-␥-lactones 10a/10b were obtained in a several step synthesis from (R)-(ϩ)-pulegone and (S)-(Ð)-pulegone. The allil-
Claisen rearrangement of cis-(1R,5R)-(Ð)-pulegol or cis-(1S,5S)-(ϩ)
-pulegol, epoxidation of ␥,␦-unsaturated p-nitrophenyl esters, and acidic lactonization of epoxy esters were the key steps of syntheses carried out (Dams et al. 2005a ). Unsaturated bicyclic ␦-lactones 11a and 11b were obtained from (1S,2R,5S)-(ϩ)-isopulegol and (1R,2S,5R)-(Ð)-isopulegol. The Wadsworth-Emmons reaction of (2S,5R)-(Ð)-isopulegone or (2R,5S)-(ϩ)-isopulegone with triethyl phosphonoacetate gave ␣,␤-unsaturated ethyl esters that were hydrolyzed to the corresponding ␣,␤-unsaturated acids and hydrated in a diluted H 2 SO 4 solution. Under such reaction conditions, hydration of double bonds was followed by acidic lactonization and dehydration of intermediate hydroxy lactones (Dams et al. 2005b ). The structures of lactones synthesized were determined on the basis of spectroscopic and crystallographic methods. The enantiomeric purity of the Þnal products was higher than 98% as determined by gas chromatography using chiral columns: CP-Cy Insect Bioassays-Choice and No-choice Tests. The tests were conducted according to the classical leafdisc bioassay described by Bellé s et al. (1985) . The adults were collected daily from an unsprayed potato Þeld and newly ecdysed third-instar larvae were obtained from a laboratory colony. For the feeding assays, 1% alcohol solutions of the tested compounds 1Ð11 were prepared. Disks (4.0 cm in diameter) were cut from potato leaves and were dipped in the test solutions or alcohol alone as a control. After the complete evaporation of the solvent, the disks were offered to 10 larvae or 6 adults (3 males and 3 females). Control and treated disks were placed at alternate corners in Petri dishes (150 by 20 mm) lined with moistened Þlter paper (choice test). In the no-choice test, a single control or treated disk was placed in each dish. All dishes were then placed in an incubator.
Four replicates of choice and no-choice tests for each compound on each insect life stage were done. Every compound was tested against 40 larvae and 24 adults in each test. In each replicate, the insects were allowed to feed ad libitum for 24 h at 24ЊC under a 16:8 (L:D) photoperiod. All experiments were conducted on 15Ð30 June, 2004. According to the same method, the compounds with the total coefÞcient of deterrence higher than 150 were applied as 0.1% solutions.
After 24 h, the remaining uneaten area of each potato leaf disk was measured using a scanner (Microtek Scan Maker 3800) and software programmed by A. Zienkiewicz (Nicolaus Copernicus University, Toruń , Poland). Based on the amount of food consumed in both tests, the deterrence coefÞcients (relative R and absolute A) were calculated using the formulae (Nawrot et al. 1986 ):
where C and CC are the leaf area consumed in the control treatments for choice and no-choice experiments, respectively; T and TT are the treated leaf area consumed in choice and no-choice tests, respectively.
The antifeedant activity of compounds was expressed by the total coefÞcient of deterrence (T ϭ A ϩ R) that ranged from Ϫ200 to ϩ200. In the case of compounds with negligible activity, the values of total coefÞcients oscillate around zero. However, deterrents with considerable activity have total coefÞcients that exceed 100, and very good deterrents have total Based on the amount of food consumed in choice and no-choice tests, the mean percentages of leaf tissue consumption (T/C ϩ T ϫ 100) were also calculated to qualitatively compare the effectiveness of different treatments (Lewis and van Emden 1986) . The deterrence coefÞcients were statistically analyzed by means of one-way analysis of variance (ANOVA). In cases where ANOVA results were statistically signiÞcant, TukeyÕs test was performed. The mean percentages of leaf tissue consumption in choice and no-choice tests were compared using StudentÕs t-test.
Results and Discussion
The compounds under study showed diverse deterrent activity to the Colorado potato beetle (Tables  1 and 2 ). The naturally occurring pulegone isomers 1a and 1b were weak deterrents for both L. decemlineata developmental stages. Weak deterrent properties were also shown by saturated ␥-spirolactone 3 and unsaturated ␥-spirolactone 4a with the (5R,8R) conÞguration of the chiral centers. The deterrence coefÞcients calculated for ␥-spirolactone 3 and unsaturated ␥-spirolactone 4a were very similar; therefore, the double bond did not affect the insectsÕ feeding level. However, marked differences in anifeedant activity were observed for some enantiomeric pairs of lactones. Optically pure isomers of unsaturated ␥-lactone 4 differed signiÞcantly in their activities. Compound 4b with the (5S,8S) conÞguration of the chiral centers was a stronger feeding deterrent toward both Colorado potato beetle developmental stages than its (5R,8R)-(Ð)-4a enantiomer.
The introduction of the hydroxy group at the C-6 atom of the saturated ␥-spirolactone 3 increased the activity of ␦-hydroxy-␥-spirolactone 5 compared with the compounds 3 and 4a. The hydroxy lactone 5a with the (5R,6S,8R) conÞguration was a very good deterrent toward larvae, whereas its enantiomer (5S,6R,8S)-(Ð)-5b showed strong deterrent properties toward imagos. Consumption of leaves treated with hydroxy lactone 5b in choice and no-choice tests was Ͻ5% (Table 2 ). The change of the conÞguration of the chiral centers C-5 and C-6 in the molecules of diastereoisomeric hydroxy lactones (5R,6S,8R)-(ϩ)-5a and (5S,6R,8R)-6a as well as (5S,6R,8S)-(Ð)-5b and (5R,6S,8S)-6b did not signiÞcantly affect their deterrent properties. The lactone 6a with the (5S,6R,8R) conÞguration of chiral centers slightly reduced the activity of the diastereoisomeric mixture of hydroxy lactones 5a and 6a (28%:72%) against larvae compared with the pure compound (5R,6S,8R)-(ϩ)-5a. The activity of the diastereoisomeric mixture of hydroxy lactones (5S,6R,8S)-(Ð)-5b and (5R,6S,8S)-6b (28%:72%) toward adults was somewhat lower than that observed for the pure lactone 5b. These differences, however, were not signiÞcant.
Three of four tested ␦-keto-␥-spirolactones 7b, 8a-b were very good deterrents toward Colorado potato beetle adults. The most pronounced effect of the chiral centers conÞguration of the compound on its antifeedant properties was recorded for the enantiomeric pair of ␦-keto-␥-lactones (5R,8R)-(Ð)-7a and (5S,8S)-(ϩ)-7b. The change of the (5R,8R) conÞgu-ration into (5S,8S) considerably deterred feeding by adults (only 0.29% of treated leaves consumption in no-choice test). However, the experiments with larvae showed that the chiral centers conÞguration did not affect the feeding of larvae to any signiÞcant extent. Both keto lactones, irrespective of the chiral centers conÞguration, were weak deterrents for larvae in no-choice tests but very good deterrents in choice tests. Strong antifeedant properties against larvae were exhibited in both types of bioassay by the diastereoisomeric keto lactone 8a with the (5S,8R) conÞguration of the chiral centers. The change of the conÞguration into (5R,8S)-(Ð)-8b limited the feeding of larvae and adults to a small extent.
The activity of cis-fused bicyclic hydroxy lactones 9 Ð10 depended on the size of the lactone ring and the position of the hydroxyl group. ␥-Hydroxy-␦-lactones (1S,6R,8R)-(ϩ)-9a and (1R,6S,8S)-(Ð)-9b were better antifeedants against larvae. The change of the chiral centers conÞguration in the molecules of the enantiomeric pair of lactones 9a and 9b did not signiÞcantly affect their activity. A more pronounced inßuence of the chiral centers conÞguration on the insectsÕ feeding could be observed in the case of the enantiomeric ␦-hydroxy-␥-lactones (1R,4R,6R)-(Ð)-10a and (1S,4S,6S)-(ϩ)-10b. Compared with the hydroxy lactone 10a with the chiral centers conÞguration (1R,4R,6R), its enantiomer (1S,4S,6S)-(ϩ)-10b was a more powerful feeding deterrent toward both Colorado potato beetle developmental stages.
Isopulegols (1R,2S,5R)-(Ð)-2a and (1S,2R,5S)-(ϩ)-2b, which were substrates in the synthesis of unsaturated bicyclic ␦-lactones (8R)-(ϩ)-11a and (8S)-(Ð)-11b, like pulegone isomers, only slightly inhibited feeding in larvae. For adults individuals isopulegol 2b with the (1S,2R,5S) conÞguration of the chiral centers was attractive to adults in both tests, whereas its enantiomer (1R,2S,5R)-(Ð)-2a did not affect feeding. The derivatives of those alcohols, unsaturated ␦-lactones 11a and 11b, were very good deterrents, particularly toward larvae. Lactone 11a with the 8R conÞg- The deterrence coefÞcients within a column followed by the same letter are not signiÞcantly different (P Ͻ 0.05, TukeyÕs test). ANOVA results: uration was the most active antifeedant against larvae among all compounds tested. The change of its conÞguration into 8S only slightly decreased the value of the coefÞcient A. These lactones also showed a considerable increase in activity toward adults compared with their precursors. As with larvae, the unsaturated ␦-lactone 11a with the 8R conÞguration inhibited their feeding more effectively.
The unsaturated ␦-lactones (8R)-(ϩ)-11a and (8S)-(Ð)-11b applied at 0.1% concentration showed the highest activity toward Colorado potato beetle larvae compared with all the compounds tested at this concentration (Table 3) . ␦-Keto-␥-lactone (5S,8R)-(Ð)-8a was a moderate deterrent toward adults (Table 4 ). All the other lactones showed very low activity when tested at 0.1% concentrations.
The results of biological studies lead to the conclusion that the introduction of the lactone moiety into the pulegone or isopulegol system markedly increases the feeding deterrent activity of the synthetically obtained compounds compared with the starting monoterpene ketones and alcohols with the p-menthane skeleton. The lactones containing an accessory oxygen atom in the form of a hydroxy or ketone group were particularly active. The molecules of the most potent antifeedants such as azadirachtin, bakkenolide A, helenalin, ajugarins, and clerodane diterpenes also contain additional oxygen substituents that are essential for feeding deterrent activity of these compounds (Kubo at al. 1976 , Nawrot et al. 1985 , Paul et al. 1988 , Bentley et al. 1990 , Gebbinck et al. 1999 . High antifeedant activity of azadirachtin is ascribed to the hydroxy group at C-20 (Gebbinck et al. 1999) . Similarly, feeding deterrent properties of nuclerodane diterpenoids against larvae of L. decemlineata are caused by the hydroxy group at C-12 (Fontana et al. 1998 ). The results of our studies seem to conÞrm those observations. The increased activity of hydroxy lactones 5a and 5b compared with saturated ␥-spirolactone 3 can be a result of the inßuence of hydroxy group at C-6 on deterrent properties of 5a and 5b.
Biological studies of the enantiomeric pairs of lactones conÞrmed the dependence of the antifeedant activity on the chiral centers conÞguration of their molecules as well as on the development stage of the insect. Lactones synthesized from (S)-(Ð)-pulegone were better feeding deterrents toward Colorado potato beetle adults than those obtained from (R)-(ϩ)-pulegone (Table 2 ). In the case of larvae, most lactones with the total coefÞcient of deterrence Ͼ150 were obtained from (R)-(ϩ)-pulegone (Table 1) . Compounds tested were also more active on Colorado potato beetle adults than larvae. These results are consistent with data of earlier studies (Lewis and van Emden 1986 , Hough-Goldstein 1990 , Paruch et al. 2000 , Harmatha and Nawrot 2002 . The phenomenon of higher sensitivity of adults to antifeedants may be related to the number of chemoreceptors and their discriminatory power. Adults possess more receptors than larvae as a result of the need for selection of host plants for oviposition (Chapman 1974) . F ϭ 8.62; df ϭ 5,12; P ϭ 0.001). R, relative coefÞcient of deterrence; A, absolute coefÞcient of deterrence; T, total coefÞcient of deterrence; NS, not signiÞcant.
